is associated with type 2 diabetes and depression, which may be related to prenatal stress and insulin resistance as a result of chronic hypothalamic-pituitary-adrenal (HPA) axis hyperactivity. We examined whether treatment with a selective serotonin reuptake inhibitor [escitalopram (ESC)] could downregulate HPA axis activity and restore insulin sensitivity in LBW rats. After 4 -5 wk of treatment, ESC-exposed LBW (SSRI-LBW) and saline-treated control and LBW rats (Cx and LBW) underwent an oral glucose tolerance test or a hyperinsulinemic euglycemic clamp to assess whole body insulin sensitivity. Hepatic phosphoenolpyruvate carboxykinase (PEPCK) mRNA expression and red skeletal muscle PKB Ser 473 phosphorylation were used to assess tissue-specific insulin sensitivity. mRNA expression of the hypothalamic mineralocorticoid receptor was fivefold upregulated in LBW (P Ͻ 0.05 vs. Cx), accompanied by increased corticosterone release during restraint stress and total 24-h urinary excretion (P Ͻ 0.05 vs. Cx), whole body insulin resistance (P Ͻ 0.001 vs. Cx), and impaired insulin suppression of hepatic PEPCK mRNA expression (P Ͻ 0.05 vs. Cx). Additionally, there was a tendency for reduced red muscle PKB Ser 473 phosphorylation. The ESC treatment normalized corticosterone secretion (P Ͻ 0.05 vs. LBW), whole body insulin sensitivity (P Ͻ 0.01) as well as postprandial suppression of hepatic mRNA PEPCK expression (P Ͻ 0.05), and red muscle PKB Ser 473 phosphorylation (P Ͻ 0.01 vs. LBW). We conclude that these data suggest that the insulin resistance and chronic HPA axis hyperactivity in LBW rats can be reversed by treatment with an ESC, which downregulates HPA axis activity, lowers glucocorticoid exposure, and restores insulin sensitivity in LBW rats.
STRESS MAY BE INVOLVED IN THE DEVELOPMENT of major Western lifestyle disorders such as cardiovascular disease and the metabolic syndrome (53, 59, 61) . Particularly in humans born with low birth weight (LBW) (e.g., birth weight Ͻ2,500 g), stressrelated psychiatric illness and metabolic disturbances seem to coexist, and the prevalence of conditions associated with psychological stress, such as melancholic depression, is increased in subjects born with LBW (35) . In addition, these individuals also have a higher prevalence of type 2 diabetes (23, 57, 80) that is potentially due to early development of insulin resistance. Hence, the LBW condition can be considered as both a predepressive and a prediabetic state. However, the exact mechanisms responsible for these changes and whether they are associated are still debated.
Recently, impairments in hippocampal structure and function have been proposed to account for some of the phenotypic characteristics of LBW (21, 40, 63) . Hippocampus regulates the overall circadian tonus of the hypothalamic-pituitary-adrenal (HPA) axis, and accordingly, the processes involved in corticosteroid regulation in LBW have been studied extensively. At this point the HPA axis in LBW has been studied at various developmental stages using a variety of experimental paradigms, and unfortunately the results are conflicting, reporting both hypo-and hyperactivity (35, 37) . However, Vieau et al. (71) tried to deal with this problem and demonstrated how HPA axis tonus changed throughout life in LBW rats subjected to fetal malnutrition. At weaning the HPA axis displayed severe hypoactivity, but at the age of 4 mo HPA axis regulation was again close to normal, whereas at 8 mo a vast overcompensation had emerged, resulting in significantly elevated corticosteroid levels. A similar postnatal developmental pattern regarding the HPA axis tonus in LBW has been demonstrated in sheep subjected to fetal glucocorticoid exposure (65) .
In elderly LBW subjects, some human studies have found signs of increased HPA axis activity (54, 58, 59) , whereas others have found the opposite (36) .
Although HPA axis hyperactivity might not be consistently present in the early or late phases of life in LBW subjects, it is still likely to play an important role for the adult LBW phenotype, and several studies in both young adult LBW primates (20) as well as young adult LBW humans support this notion (39, 55) .
The hippocampo-hypothalamic system of adult LBW subjects is considered to be vulnerable, and if additionally exposed to excessive levels of adrenal steroids the neurobiological sequelae are likely to deteriorate further, increasing the risk for diseases such as depression (73) . In addition, corticosteroids are known to be capable of causing insulin resistance, obesity, impaired blood-lipid profile, and hypertension (51) . Therefore, fetal injuries within certain hippocampo-hypothalamic circuits in the brain leading to increased secretion of corticosteroids are plausible to be the common denominator responsible for the development of both type 2 diabetes and depression in LBW subjects.
The antidepressant selective serotonin reuptake inhibitors (SSRIs) are capable of downregulating HPA axis activity in rats and humans (32, 34, 52) , and some studies further suggest that SSRIs can improve glucose metabolism in depressed nondiabetic patients as well as in depressed patients displaying obesity and/or type 2 diabetes (43, 69, 74) . Since depression, obesity, and type 2 diabetes are generally associated with abnormal regulation of glucocorticoid metabolism (3, 6, 67, 75) , we therefore hypothesized that downregulation of HPA axis activity using a SSRI compound would lower glucocorticoid levels and thereby improve glucose metabolism and insulin action in LBW.
In adult, 40-day-old, LBW rats subjected to prenatal dexamethasone exposure, we aimed to study the effects of SSRI [escitalopram (ESC)] treatment on the hippocampo-hypothalamic corticosteroid feedback system, pituitary ACTH secretion and adrenal corticosterone production as well as whole body insulin action, hepatic mRNA expression of gluconeogenetic enzymes, and insulin sensitivity of fat and skeletal muscle tissue. The present rat model displays the combination of insulin resistance and HPA axis hyperactivity (17) , features similar to those of the adult LBW man.
MATERIALS AND METHODS
Animals. Experiments were approved by the Danish Animal Experiments Inspectorate and complied with The European Convention for the Protection of Vertebrate Animals Used for Experiments and Other Scientific Purposes. Pregnant Sprague-Dawley dams (Taconic) were housed in a light-(light from 6 AM to 6 PM) and temperaturecontrolled (22°C) environment and had free access to food and water. Pregnant dams (n ϭ 39) were treated daily from day 14 to day 21of gestation, with 0.15 mg/kg body wt dexamethasone sc in a 4% ethanol-saline (0.9% NaCl) solution or with 4% ethanol-saline (0.9% NaCl). At birth, pups (n ϭ 273) regardless of the prenatal treatment (e.g., saline or dexamethasone) were transferred to nontreated, healthy, and lactating foster mothers (n ϭ 39) in comparably sized groups of 6 -8 pups/litter. Pups were weaned at the age of 3 wk, and only male offspring were included for further studies (n ϭ 133).
For 4 -5 wk, 40-day-old male rats were injected intraperitoneally twice a day with either ESC-saline solution (diluted oral droplets of Cipralex obtained at the pharmacy) at a concentration of 1.4 mg/ml, pH ϭ 4.95 (10 mg/kg body wt), or saline (pH ϭ 4.95). A washout period of 16 -18 h after the last injection was allowed prior to all experiments. Rats were euthanized during isoflurane-anesthesia or pentobarbital (clamped animals), and all tissues were snap-frozen and stored at Ϫ80°C until further analysis. The first group of saline-treated control (Cx) and LBW rats (n ϭ 37) underwent the oral glucose tolerance test (OGTT), the second group (n ϭ 30) underwent the hyperinsulinemic euglycemic clamp, the third group was used for basal muscle and liver tissue analysis (n ϭ 23), and in the fourth group (n ϭ 27) brain tissue was collected. In a pilot study, the effects of ESC on OGTT and corticosterone secretion were assessed in Cx rats (n ϭ 16).
Restraint stress test. The restraint stress test was performed as described previously (17) at 9 AM. Tail blood samples were drawn into heparinized capillary tubes at t ϭ 0, 15, 30, 45, 60, 75 , and 90 min after restrain was initiated. Blood was transferred to NaF-coated tubes, centrifuged at 2,000 rpm, and stored at Ϫ20°C until further analysis.
Twenty-four-hour urine sampling. Rats were housed for 24 h from 10 AM in metabolic cages, and urine was collected as described previously (17) . Debris was removed by centrifugation and urine kept at Ϫ20°C until further analysis.
OGTT. After a 16-h overnight fast, 2.5 mg glucose/kg body wt was administered by gavage. Tail blood samples were obtained and placed into NaF-coated tubes at 0, 15, 30, 60, and 120 min after the glucose challenge. Plasma was stored at Ϫ20°C until further analysis.
Insulin sensitivity index. The insulin sensitivity index (ISI) was calculated according to Matsuda and DeFronzo (44) : FG, fasting plasma glucose concentration (mg/dl); FI, fasting plasma insulin concentration (mU/l). Mean OGTT glucose and mean OGTT insulin are the average concentrations of blood glucose and plasma insulin, respectively, during the OGTT. The ISI represents the composite whole body insulin sensitivity, reflecting both hepatic and peripheral tissue insulin sensitivity.
Metabolites and hormones. Plasma and urine concentrations of insulin and corticosterone were measured by a rat insulin ELISA kit (DRG Instruments) and a rat corticostrone radioimmunoassay (Amersham), respectively. Blood glucose concentrations were measured using a One-Touch Ultra blood glucose analyzer.
Hepatic mRNA expressions. Hepatic mRNA was isolated by use of a RNA easy column kit (Qiagen, Valencia, CA). Complementary DNA was synthesized, and mRNA levels were assessed by quantitative realtime PCR (qPCR; TaqMan) using an ABI Prism 7700 sequence detection system (Applied Biosystems, Foster City, CA). The primer sets used were glucose-6-phosphatase (G-6-Pase): forward primer AGG GTA AAA GAA AAG AGC GTT G and reverse primer GTA GAC ATG GCT TGC ATA TGG T; phosphoenolpyruvate carboxykinase (PEPCK): forward primer CAG GAA GTG AGG AAG TTT GTG G and reverse primer ATG ACA CCC TCC TCC TGC AT; and GAPDH: forward primer TCACCACCATGGAGAAGGC and reverse primer GCTAAG-CAGTTGGTGGTGCA. Pilot studies revealed that GAPDH was not differentially regulated in these rats, and threshold cycle values of for G-6-Pase and PEPCK were normalized relative to GAPDH (Supplemental Table S1 ; Supplemental Material for this article is available at the AJP-Endocrinology and Metabolism web site).
Real-time qPCR of hippocampus and hypothalamus. The rats were decapitated, and hypothalamus and hippocampus were dissected and frozen on dry ice powder. Total RNA was isolated using the ABI PRISM 6100 Nucleic Acid Prepstation (Applied Biosystems) and reverse transcribed using random primers and Superscript III Reverse Transcriptase (Invitrogen, Carlsbad, CA), as described previously (22) . The real-time qPCR reactions were carried out by using the Mx3000P (Stratagene, La Jolla, CA) and SYBR Green. The gene expression of glucocorticoid receptor (GR), mineralocorticoid receptor (MR), 11␤-hydroxysteroid dehydrogenase-1 (HSD-1), corticotropin-releasing hormone (CRH) receptor-1 and -2 (CRH-R1 and CRH-R2, respectively), CRH-binding protein (CRH-BP), the apoptosis genes Bax and Bcl-2, and eight different reference genes [18S subunit ribosomal RNA (18S), ␤-actin, cyclophilin A, Gapdh, hydroxymethylbilane synthase, hypoxanthine guanine phosphoribosyl transferase 1, ribosomal protein L13A, and tyrosine 3-monooxygenase-tryptophan 5-monooxygenase activation protein-] was investigated. The reference genes were selected as described by Bonefeld et al. (13) . Stability comparison of the expression of the reference genes was conducted with the Normfinder software (http://www.mdl.dk) (Supplemental Table S1 ) (2) .
Hyperinsulinemic euglycemic clamp. One week prior to the euglycemic hyperinsulinemic clamp experiment, indwelling catheters were placed as described previously (61) into the jugular vein for infusions and into the left carotid artery for blood collections, filled with a polyvinylpyrrolidine heparine solution, and closed.
After 12-h overnight fast, catheters were flushed with saline, and the 150-min euglycemic hyperinsulinemic clamp was initiated with a primed continuous insulin infusion in awake and unrestrained rats (primed: 200 mU/kg body wt; continuous: 4 mU·kg Ϫ1 ·min Ϫ1 ) (Actrapid; Novo Nordisk, Bagsvaerd, Denmark). Blood glucose levels were kept at ϳ100 mg/dl by a variable infusion of 20% D-glucose. Plasma glucose concentrations were measured using a Glucose Analyzer II (Beckman Instruments, Fullerton, CA).
To estimate rates of insulin-stimulated glucose transport activity in red (RG) and white gastrocnemius (WG) muscle tissue and epididymidal fat pads, a single dose of 20 Ci 2-[1-14 C]deoxyglucose was administered at t ϭ 120 min. Plasma-specific activity of 2-[1-14 C]deoxyglucose was measured at t ϭ 121, 123, 125, 130, 135, 140, and 150 min, and the concentrations of plasma glucose were used to estimate glucose uptake activity in tissues, as described previously (17) .
Clamp tissue glucose uptake assay. The tissues were homogenized 1:10 (wt/vol) in demineralized H 2O and placed in a heat block at 100°C for 10 min. Samples were cooled to room temperature and centrifuged for 5 min. In supernatants, the total activity of 2-[1- Skeletal muscle tissue glycogen levels. Muscles were heated for 120 min at 99°C in 2.0 N HCl. Afterward, samples were neutralized with 2.0 N NaOH and centrifuged at 10,000 g for 1 min. Sample glucose levels were assessed using hexokinase reagent (CIMA Scientific, De Soto, TX), as described previously (12) .
RG PKB protein expression and Ser 473 phosphorylation. Muscle tissue was homogenized as described previously (79) . Phospho-Ser 473 and total PKB antibodies were obtained from Cell Signaling Technology (Beverly, MA). Western blots were developed using enhanced chemiluminescence reagents (Amersham Pharmacia Biotech, Piscataway, NJ) and quantified using the UVP BioImaging System (UVP, Upland, CA).
Total crude membrane GLUT4 contents. Crude membranes were prepared from ϳ30 mg of RG and WG muscles, and aliquots of protein were resolved as described previously by use of a polyclonal anti-COOH-terminal peptide GLUT4 antibody (16) . Protein bands were visualized by chemiluminescence (Pierce Super Signal) and subsequently quantified by use of the UVP BioImaging System. Statistical analysis. Data are given as means Ϯ SE. Data were analyzed with the one-way ANOVA test and Newmann-Keuls post hoc test. P Ͻ 0.05 was considered statistically significant.
RESULTS
Body weights, fat content, and food consumption. Birth weights of the LBW rats were 17% less than the control rats (Cx: 6.40 Ϯ 0.05 g, n ϭ 72, vs. LBW: 5.32 Ϯ 0.04 g, n ϭ 66; P Ͻ 0.001). In a subgroup of random animals, no differences were seen with regard to the weight of epididymidal fat pads (Cx: 3.25 Ϯ 0.18, n ϭ 8; LBW: 2.71 Ϯ 0.12 g, n ϭ 8; SSRI-LBW: 2.89 Ϯ 0.24, n ϭ 7; P ϭ 0.1279). At the end of the treatment period, body weights were the same for all groups (Cx: 352.9 Ϯ 5.4 g, n ϭ 44; LBW: 356.1 Ϯ 10.4 g, n ϭ 38; SSRI-LBW: 346.7 Ϯ 9.8 g, n ϭ 35; P ϭ 0.7474). Furthermore, in a subgroup of rats (data not shown), food consumption and body weight development during treatment and rates of spontaneous activity, blood pressure, and body temperature as measured by telemetry at the end of the treatment period did not differ between any of the experimental groups.
Restraint stress test. Basal concentration of plasma corticosterone (the main glucocortidoid in the rat) did not differ (Fig. 1) . Upon restraint stress in the Cx group, plasma corticosterone concentrations increased approximately fourfold to a peak at 30 min followed by a gradual decline throughout the test. A similar initial increase was observed in the LBW group; however, plasma corticosterone concentrations remained approximately fourfold elevated until the end of the test. The area under the curve from 60 to 90 min (AUC 60 -90 ) was 56% larger in the LBW group than in the Cx group (Cx: 12,470 Ϯ 1,270 ng/min vs. LBW: 19,440 Ϯ 1,240 ng/min, P Ͻ 0.05; Table 1 ), suggesting impaired adrenal negative feedback inhibition in the LBW rats. The ESC treatment completely reversed this impairment of the adrenal stress response such that both the time course for plasma corticosterone concentrations and the AUC 60 -90 were similar to the Cx control group (SSRI-LBW: 11,180 Ϯ 1,030 ng/min).
Twenty-four-hour urine corticosterone excretion. Urinary corticosterone excretion was increased by 38% in the LBW compared with the Cx rats (Cx: 12,470 Ϯ 1,270 ng/min vs. LBW: 19,440 Ϯ 1,240 ng/min, P Ͻ 0.05; Table 1 ), suggesting defects in the basal circadian rhythm of corticosteroid production in this group. This increase was completely reversed in the SSRI-LBW group (SSRI-LBW: 11,180 Ϯ 1,030 ng/min).
Plasma ACTH levels. Although not significant, plasma ACTH levels at both 9 AM and 9 PM tended to be higher in the LBW group than in the Cx group (Table 1) . During the day, plasma ACTH levels decreased moderately, by ϳ12 to 14% in the Cx and LBW groups, although this was significant only for the Cx group (P Ͻ 0.05 vs. 9 AM) and not for the LBW group (P ϭ 0.286 vs. 9 AM), suggesting a possible defect in the diurnal control of ACTH secretion.
In contrast, plasma ACTH concentrations in the SSRI-LBW group were similar to the Cx rats at both 9 AM and 9 PM and decreased by ϳ24% during the day (P Ͻ 0.01 vs. 9 AM; Table 1 ).
The hypothalamic and hippocampic glucocorticoid feedback axis. The mRNA expression of HSD-1 and the GR in the hippocampus and hypothalamus was similar in all three groups (Table 1 ). In contrast, hypothalamic mRNA expression of the MR was approximatelty fivefold upregulated in LBW compared with Cx (Cx: 100 Ϯ 20.4% vs. LBW: 501.7 Ϯ 160.4%, P Ͻ 0.05). This was completely normalized in the SSRI-LBW group (205.8 Ϯ 60.0, P Ͻ 0.05 vs. LBW), reflecting a downregulation of the MR as a result of the ESC treatment.
There was a similar strong, albeit not statistically significant, tendency for upregulation of mRNA expression of the MR in the hippocampus of the LBW group (Cx: 100.0 Ϯ 10.0% vs. LBW: 123.2 Ϯ 13.3%, P ϭ 0.072). However, in the SSRI-LBW group the hippocampic MR mRNA expression was normal and even tended to be lower than in the Cx group (SSRI-LBW: 85.5 Ϯ 8.9% of Cx, n ϭ 7), suggesting a potential modulation of the glucocorticoid feedback system within the LBW hippocampus as a result of ESC treatment. Furthermore, the hypothalamic and hippocampal mRNA expression patterns of CRH-R1, CRH-R2, and CRH-BP did not display any differences (data not shown). Similarly, the hippocampal mRNA expression patterns of the apoptosis genes Bcl-2 and Bax were also unaffected by the phenotype and treatments (data not shown).
OGTT. The LBW group had elevated blood glucose concentrations at 120 min of the OGTT (P Ͻ 0.01, LBW: 7.26 Ϯ 0.04 mmol/l, n ϭ 11, vs. Cx: 6.44 Ϯ 0.03 mmol/l, n ϭ 13; Fig. 2A ), but SSRI treatment reversed this elevation (P Ͻ 0.05, SSRI-LBW: 6.12 Ϯ 0.02 mmol/l, n ϭ 13, vs. LBW; Fig. 2A ). Whereas glucose AUC and fasting blood glucose were similar in the LBW and Cx groups, the OGTT glucose AUC was reduced by 15% in the SSRI-LBW group compared with the LBW group (P Ͻ 0.01 vs. LBW and P Ͻ 0.05 vs. Cx; Table 2 ).
Both fasting and postprandial plasma insulin concentration were two-to threefold increased in the LBW rats (P Ͻ 0.01 vs. Cx; Table 2 ) but were reduced significantly in ESC-exposed LBW rats (P Ͻ 0.01 vs. LBW; Table 2 ). Accordingly, the whole body ISI in the LBW group was ϳ50% lower compared with the Cx group (P Ͻ 0.01; Table 2 ), which is consistent with whole body insulin resistance in the LBW group. However, ESC treatment almost normalized the ISI of the SSRI-LBW group (P Ͻ 0.05 vs. LBW; Table 2 ), reflecting restoration of whole body insulin sensitivity.
Hepatic PEPCK and G-6-Pase mRNA expressions. Basal hepatic PEPCK mRNA levels were similar in all three experimental groups and were suppressed by ϳ60% in the Cx group 90 min after administration of the oral glucose load (P Ͻ 0.01 vs. basal; Fig. 2B ). In contrast, LBW rats suppressed PEPCK mRNA expression by only ϳ30% after oral glucose administration (P Ͻ 0.05 vs. Cx), strongly suggesting hepatic insulin resistance and inability for glucose-induced suppression of hepatic gluconeogenesis in the LBW liver.
The glucose-induced suppression of hepatic PEPCK mRNA expression was totally restored in the SSRI-LBW group (P Ͻ 0.05 vs. LBW-saline; Fig. 2B) .
Basal G-6-Pase levels tended to be elevated in the LBW rats compared with the Cx (Cx: 100 Ϯ 7% vs. LBW: 169 Ϯ 33%, P ϭ 0.068). However, ESC-treated rats had completely normal basal G-6-Pase expression levels (SSRI-LBW: 86 Ϯ 23%; no difference). Postprandial G-6-Pase expressions were suppressed by ϳ95% in all groups (data not shown).
Euglycemic hyperinsulinemic clamp. All animals were clamped at similar blood glucose (Cx: 102.7 Ϯ 1.10 mg/dl, n ϭ 13; LBW: 100.0 Ϯ 3.01 mg/dl, n ϭ 9; SSRI-LBW: 99.1 Ϯ 0.52 mg/dl, n ϭ 8; P ϭ 0.3233) and plasma insulin concentrations (Cx: 133.2 Ϯ 12.6 mU/l, n ϭ 13; LBW: 136.1 Ϯ 10.7 mU/l, n ϭ 9; SSRI-LBW: 128.5 Ϯ 12.3 mU/l, n ϭ 8; P ϭ 0.9239). As suggested by the reduction in ISI, the LBW rats displayed 26% lower rates of whole body insulin-stimulated glucose uptakes compared with the Cx group (Cx: 20.7 Ϯ 0.9 mg·kg Ϫ1 ·min Ϫ1 vs. LBW: 15.3 Ϯ 1.0 mg·kg Ϫ1 ·min Ϫ1 , P Ͻ 0.01; Fig. 3A ). In the ESC-treated LBW rats, this insulin resistance was completely normalized (SSRI-LBW: 20.7 Ϯ 1.3 mg·kg Ϫ1 ·min Ϫ1 , P Ͻ 0.01 vs. LBW). Clamp glucose uptake in RG and WG muscle and epididymal fat. Rates of insulin-stimulated glucose uptake in RG muscle as assessed by 2-[1-
14 C]deoxyglucose were reduced by ϳ47% in the LBW group (n ϭ 9) compared with Cx (n ϭ 13, P Ͻ 0.01) (Fig. 3B ) but were fully recovered by ESC exposure in SSRI-LBW group (P Ͻ 0.05 vs. LBW).
There were no differences in insulin-stimulated glucose uptake in WG muscle tissue or in epididymal adipose tissue between the three groups, and the contents of muscle glycogen and GLUT4 protein were similar in all groups, with RG muscle tissue displaying the lowest glycogen concentrations (P Ͻ 0.05 vs. WG) and the highest GLUT4 protein expression (P Ͻ 0.05 vs. WG) ( Table 3) . Data are means Ϯ SE. HPA, hypothalamic-pituitary-adrenal; RST, restraint stress test; AUC, area under the curve; Cx, saline-treated control; SSRI, selective serotonin reuptake inhibitor; LBW, low birth weight; HSD-1, 11␤-hydroxysteroid dehydrogenase-1; MR, mineralocorticoid receptor; GR, glucocorticoid receptor. P values for comparisons reflect the results for the post hoc analysis that has been carried out only when the 1-way of analysis of variance (ANOVA) test results in a P value Ͻ0.05. (Fig. 1) (Table 3 ). In the Cx group, insulin stimulation was accompanied by a 135% increase in RG PKB Ser 473 phosphorylation (P Ͻ 0.05 vs. basal; Table 3 ). This insulin stimulation was decreased by ϳ60% in the LBW rats, and although this did not reach statistical significance, it suggests impaired intracellular insulin signaling in RG muscle in the LBW rats. Insulin caused an ϳ240% increase in RG PKB Ser 473 phosphorylation in the SSRI-LBW rats (P Ͻ 0.01 vs. LBW; Table 3 ). Together, these observations strongly suggest that ESC administration leads to a tissue-specific improvement in insulin signaling in RG muscle of LBW rats.
Pilot study assessing the effects of ESC in Cx rats (SSRI-Cx).
The SSRI-Cx rats (n ϭ 14 -16) had similar food intake and weight gain during treatment (data not shown). After treatment, body weights (355.4 Ϯ 6.3 g), fasting plasma concentrations of glucose (4.58 Ϯ 0.12 mmol/l), fasting plasma concentrations of insulin (11.85 Ϯ 1.62 mU/l), and glucose levels during OGTT (AUC: ; n ϭ 5) but tended to increase restraint stress corticosterone AUC from 60 to 90 min (16,648 Ϯ 1,745 ng/min, n ϭ 10, P ϭ 0.1201 vs. Cx), indicating that ESC affects HPA axis differently in Cx rats compared with LBW.
DISCUSSION
In clinical studies of preeclampsia and intrauterine growth retardation, conditions known to cause LBW in humans, umbilical cord blood samples have revealed elevated glucocorticoid concentrations (25, 26) . Furthermore, various animal models for LBW such as maternal malnutrition (11), maternal stress (41, 42) , and late gestation uterine ligation (8) have all been shown to significantly increase fetal glucocorticoid levels. Hence, enhanced fetal glucocorticoid stimulation seems to be the common denominator for both human and animal LBW conditions, and therefore, as in our previous studies, we opted to study a model of LBW where fetal growth retardation was induced directly by prenatal treatment with dexamethasone, a glucocorticoid analog capable of freely passing the bloodplacenta barrier, and to induce a robust glucocorticoid stimulation of the fetuses (17) . Similar to LBW humans, this model is characterized by early postnatal development of impaired glucose metabolism and hypertension (17, 47, 68) .
In this model of LBW, we studied the effects of ESC treatment on insulin sensitivity and HPA axis activity in a rat model of LBW (17, 64) . This model has previously been shown to be insulin resistant and to have HPA axis hyperactivity, pituitary hyperplasia of the ACTH-producing cells, and increased ACTH secretion (17, 64) . The HPA axis hyperactivity can be attributed to defects at both hypothalamic and hippocampal levels (64) causing augmented corticosteroid release during both stress and basal conditions, respectively. In accord with our previous studies, the LBW rats presented prolonged adrenal corticosterone release during restraint, reflecting disturbances in the hypothalamic control of the HPA axis. In all of the groups we found a diurnal decrease in ACTH levels, which tended to be diminished in the LBW groups compared with the Cx and the ESC-treated LBW groups. In addition, 24-h urine excretion of corticosterone was increased significantly and accompanied by disturbances of the circadian rhythm of ACTH secretion, indicating concurrent defects in the tonic hippocampal coordination of pituitary-adrenal activity.
O'Regan et al. (49) found the circadian oscillations of ACTH to be at peak in the evening. This difference between their data and ours is unclear, but their levels of ACTH were ϳ15-to 20-fold higher than in other studies, including ours (70) , which could be due to differences in the timing of the blood sampling, differences in assays used, and/or stress during the blood sampling procedure.
In the hypothalamus and hippocampus, corticosteroids exert a direct inhibitory feedback by binding to the MR and GR, whereas HSD-1 assists this process by converting inactive deoxycorticosteroid with low affinity for these receptors to active corticosteroid. Because the MR exhibits an ϳ10-fold higher affinity for endogenous glucocorticoids than the GR, the MR is considered to be the most important receptor for mediating the glucocorticoid feedback in the brain (4, 50). Shoener et al. (64) reported increased mRNA levels of HSD-1 and decreased expression of the MR in hippocampus of prenatally exposed dexamethasone rats displaying increased plasma levels of ACTH and corticosterone. In contrast, Banjanin et al. (5) found increased MR expression in hippocampus but no changes in circulating corticosteroid or ACTH in prenatally glucocorticoid-treated male guinea pigs. In the LBW hippocampus, we found no change in HSD-1 or GR expression but a tendency toward increased MR expression, although this finding was not significant. In the hypothalamus, a similar pattern emerged with no change in GR or HSD-1 but a more than fivefold increase in MR mRNA levels in the LBW rats. The reasons for these differences are not clear, but Shoener et al. (64) used only 18S rRNA as a reference for the real-time qPCR experiments, and normalization with different reference genes may affect the obtained data differently (13) . Also, circadian oscillations and different experimental settings easily influence the measurements and emphasize the difficulties in direct comparisons of such data between studies.
Welberg et al. (78) have previously demonstrated increased CRH expression within the periventricular nucleus of the hypothalamus of a similar model of dexamethasone-induced LBW. Although we did not measure CRH expression in our study, we measured mRNA expression levels of the CRH receptors and the CRH-BP. CRH-R1 and CRH-R2 are widely expressed in the brain, and in states of hyperactive central CRH systems a concomitant dysregulation of the magnitude and duration of CRH receptor signaling is thought to contribute to an enhanced CRH neurotransmission (30) . Further disturbances in CRH-BP, also a modulator of CRH activity, are also likely to play a role. In the rat hypothalamus and hippocampus, CRH-R1, CRH-R2, and CRH-BP are differentially expressed throughout different nuclei. In particular, hippocampal and hypothalamic R1 and R2 receptors take part in initiation (CRH-RH1) and recovery/maintenance of the stress response (CRH-RH2) (19, 24) as well as the regulation of serotonergic neurotransmission (CRH-R1) (53) . However, here we found no differences in the hypothalamic or hippocampal mRNA expression pattern of these proteins in either of the experimental groups. Since chronic stress has been proposed to cause atrophy of the hippocampus, we also measured hippocampal mRNA expression patterns of two proteins involved in cellular apoptosis (i.e., Bax and Bcl-2), but we did not find any changes. Structural hippocampal change following a restraint prenatal stress paradigm has been observed, but only in females (62) . Whether this is relevant in the context of the present work awaits future studies.
In LBW rats, the mRNA expressions of MR, which is quantitatively the most important protein for mediating negative corticosteroid feedback in the brain, were higher in hypothalamus and tended to be higher in the hippocampus compared with Cx. Despite these changes, LBW rats exhibited increased corticosteroid secretion and signs of disturbed ACTH secretion. Together, these alterations may suggest a compensatory upregulation of the MR due to impairments within the hippocampo-hypothalamic corticosteroid feedback regulation. These abnormalities were completely restored in the ESCtreated LBW animals, which displayed normal expressions of the MR in hypothalamus and hippocampus and had a normal 24-h urinary corticosterone excretion as well as a normal diurnal control (9 AM to 9 PM) of pituitary ACTH release. These findings strongly support the hypothesis that ESC treatment restores the HPA axis control in the LBW phenotype.
The mRNA expression data do not necessarily predict protein levels or protein function, due to possible posttranslational modifications or phosphorylations/nitrolylations of the protein.
In addition, there are several limitations with regard to the quantitative PCR on dissected hippocampal and hypothalamic tissues. Although the method is superior in quantitative detection of mRNA expression, it may not provide information about qualitative differences, as exemplified by the anatomic distribution of the mRNA. Therefore, additional studies such as in situ hybridizations and/or proteomic studies would be required to provide a more comprehensive understanding of the neurobiological effects of the SSRI treatment on the HPA axis in this LBW model.
In accord with our previous findings, the present studies show that the 70-day-old LBW rats were insulin resistant, as reflected by both reduced ISI and reduced insulin-stimulated rates of whole body glucose uptake. The increased hepatic PEPCK mRNA levels during the OGTT strongly suggest hepatic insulin resistance and increased postprandial rates of gluconeogenesis (17, 47) . In addition, basal hepatic G-6-Pase mRNA levels also tended to be upregulated, consistent with hepatic dysregulation of glucose metabolism.
In addition to the hepatic insulin resistance, we also found that the LBW rats had muscle-specific insulin resistance, as determined by the 2-[1-
14 C]deoxyglucose technique. This could be accounted for by an ϳ50% decrease in rates of insulin-stimulated glucose uptake in RG muscle, whereas glucose uptake in fat tissue and WG muscle appeared to be normal. Total GLUT4 content in RG was similar to the Cx, suggesting defects at the level of insulin signaling possibly due to decreased phosphatidylinositol 3-kinase activation, as has been shown in other conditions of muscle insulin resistance (27) . Defects in insulin signaling in the muscle at the level of PKB, which is involved in initiating translocation of GLUT4, are possible given the strong trend toward decreased insulin stimulation of PKB Ser 473 phosphorylation in RG muscle in LBW (LBW: 79% increase vs. Cx: 135% increase).
We have shown previously that hepatic insulin resistance is the prominent phenotype of 40-day-old rats in the present LBW model (17) , and the current studies show that additional muscle insulin resistance develops later in the lives of these LBW rats. In contrast, muscle insulin resistance appears to be the most consistent finding in humans born with LBW (31, 33) . Although additional hepatic insulin resistance has been suggested (15, 66) , it is still unclear whether humans born with LBW have increased activity of hepatic gluconeogenesis.
ESC treatment of LBW rats completely restored whole body insulin sensitivity, as reflected by an augmented ISI as well as by normalization of insulin-stimulated glucose disposal during the clamp. Additionally, ESC treatment completely normalized hepatic postprandial PEPCK expression and basal G-6-Pase expressions, indicating normalization of hepatic gluconeogenesis in the ESC-treated LBW rats.
ESC administration improved glucose uptake and insulin stimulation of red muscle PKB Ser 473 phosphorylation, indicating that ESC treatment specifically improved the defects in insulin signaling in red muscle of the LBW rats. The ESC treatment did not influence basal muscle glycogen concentrations or GLUT4 content in red or white muscle tissue.
In animal models, it is well established that, by increasing the expression of PEPCK and to a lesser extent G-6-Pase, corticosteroids are potent activators of hepatic gluconeogenesis (7, 29) . Moreover, corticosteroids are known to cause insulin resistance in skeletal muscle by reducing both insulin-stimulated Ser 473 and Thr 308 PKB phosphorylation (18, 60) . Furthermore, rat skeletal muscles exposed to high-dose dexamethasone have elevated GLUT4 protein levels despite reduced GLUT4 translocation to the cell surface (76, 77) . These observations are in agreement with our findings, which strongly suggest impaired glucose transport in RG muscle tissue, possibly due to impaired PKB activation, although this was not significant. In accord with this, our LBW rats have a chronic low-grade corticosteroid overexposure, which may explain the less pronounced phenotype compared with the effects observed in skeletal muscle tissue exposed to high-dose dexamethasone (76, 77) . Nevertheless, the ESC administration normalized circulating corticosteroid levels and enhanced insulin sensitivity in LBW rats, indicating a possible regulatory role for adrenal steroids for muscle insulin signaling in the LBW rats.
Although HPA axis hyperactivity may be responsible for the insulin resistance in LBW, alterations in HSD-1 (and GR) expression in peripheral tissues may also contribute (28, 45) . Increased splanchnic cortisol production [especially due to hepatic HSD-1 activity (9, 10)] has been suggested to play a role for the development of insulin resistance and obesity in humans (46, 72) . In the present study, HSD-1 expression in peripheral tissues was not measured, but in the same LBW model, Nyirenda et al. (47) found no change in HSD-1 expression in liver tissues of adult rats. Furthermore, the present LBW model displays no or only modest changes in hepatic GR mRNA expression (17, 47) . Although minor changes in peripheral glucocorticoid signaling may contribute to the insulin resistance in the present LBW model, the demonstrated HPA axis hyperactivity is still likely to be of greater importance.
In some studies, SSRIs cause obesity and hypercholesterolemia, whereas in others, SSRIs have been reported to exert no or even positive metabolic effects (1, 38, 56) . To assess whether the metabolic changes observed in the SSRI-LBW rats could represent a direct drug effect independent of the HPA axis and LBW, a pilot study was performed to determine the effects of ESC in the Cx rats. We found that ESC treatment decreased insulin sensitivity as measured by the ISI index and plasma insulin levels and tended to increase corticosterone release during stress. Although these findings are puzzling, it clearly suggests a differentiated and phenotype-dependent drug response. Similar mechanisms might explain the inconsistent results from previous studies regarding the metabolic effects of SSRI compounds. Although further studies are needed to clarify these issues, our pilot data strongly indicate that the metabolic alterations in liver and muscle of the SSRI-LBW rats are unlikely to represent a primary drug effect; instead, these changes seem to be secondary to the reduction of HPA axis activity.
In conclusion, our data support the hypothesis that insulin resistance associated with LBW is caused by HPA axis hyperactivity and resulting elevation of corticosteroid levels. These studies are the first to demonstrate that an SSRI compound downregulates the increased HPA axis activity in adult rats born with LBW and reverses the resulting insulin resistance in both liver and muscle.
Present pharmaceutical approaches focus on a possible primary defect involved in LBW insulin resistance. Although the SSRI compounds of today might not be considered suitable for the treatment of LBW humans, other more appropriate HPA axis modulating pharmaceuticals might instead prove to be useful for the future treatment of HPA axis disturbances in humans born with LBW. Hence, this treatment strategy may reduce the risk for developing type 2 diabetes and in addition prevent the progression of other LBW-related disorders such as melancholic depression, which is known to be overrepresented in humans born with LBW.
